L?-UH—84—1721
CONF - RS OS(%E -

Los Algmos Nanonal Laboralory i operated by the University of Californig 1or 1he United Siates Department of Energy under contract W-7405-ENG- 36

Liv-Un==04=-1721

DELA 0125065

TITLE: FAST NUMERICAL METHODS IN 3-D

AUTHOR(S): Susan B, Woodruff

SUBMITTED TO. Eng lnecering Faculty Mecting; May 30-31, Junce 1, 1984
J. Robert Oppenheimer Studv Center

Los Alamos National Laboratory
Mav 30-31, June 1, 1984

DISCLAIMER

This report was prepared as an account of work spensored by an agency of the United States
Government.  Neither the United States Government nor any agency thereoi, nor any of their
cmployees, mukes any warranty, express or implied, or assumes any legal liability or responsi-
bilty fur the accuracy, completeness, of usefulness of uny information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commerctal product, process, or service by tride name, trudemark,
manutactarer, or otherwise does not necessarily constitute or imply s endorsement, recom-
mendation, or Lavorning by the Umited States tiovernment or any agency thereol. The views
and opimons of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereol,

By acceptance of this srticle the publianer recognizes that the U 8 Governmaent ratains 8 nongaciusive, roydity-1ree kcenss iu pubhsh of reproduc.e
the published form of this contribuion or 10 allow others 1o do 80, for UB Governmeni purposes

The Lot Alamos Nationa! Laboraiory requests 1ha1 the publisher dentify this Bnicie as work performaed undet ihe auspices ofthe US NRC,

L@S A @m© Los Alamos National Laboratory
Los Alamos,New Mexico 87545

8T NO M2 3/00

€4
DISTRIAIMIAN Ar 1 Ne fAAT I e ———.. . .-.-';-.'.'._)__(:)


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


*
FAST NUMERICAL METHODS IN 2-D

by

Susan B. Woodruff

Safety Code Development Group
Energy Division

Los Alamos National Laboratory

1. INTRODUCTION

During the past decade, various semi-implicit finite-differcnce schemes
such as that used Iin version PDZ of the Transient Reactor Analysis Code1
(TRAC-PD2) have been applied to problems in fluid flow. The numeri:al method
used in TRAC-PD2 1is adequate for the original purpose of the code, which was
analysis of large-break loss-of-coolant accidenta in nuclear reactors; however,
for longer term small-break transients this method 1is extremely inefficient.
The material Courant stability limit requires time-step 8izes for these
transients that are much smaller than 1s necessary for reasonable accuracy. An
obvious cure for this problem 1s to use a fully implicit numerical wmethod.
Hcwever, this alternative 1is not attractive because it requires substantial
changes In the TRAC code and multiplies the cost per cell per step of the
fluld-dynamics solution by a factor of six. The stability-enhancing two-step
(SETS) methodz'3 was created to improve the running time of the existing TRAC
code with minimal impact on the code structure and results. The SETS method
eliminates the maverial Courant stability limit simply by adding a stabllizer
step to the bas'c seml-impiicit equations.

The SETS method 1implemented in the one-dimensional hydrodynamic
components ot verslon PFlL of TRAC has resulted in fuster running times fnr
systems that are modeled using only these components. For example, TRAC-PFl
performed the calculatinns for the Semiscaie Mod~] small-break test ~10 times
faster than TRAC-PD2 (Ref. 4). Systems that {include the three-dimenslonal
vessel component generally will run somewhat faster with TRAC-PFl because the

material Courant limit {s removed from the one-dimensional loop components.

*Thls work was funded jolntly by the US NRC Office of Nuclear Regulatory
Research, Division of Accident Evaluation and by the Los Alamos National
Laboratory Institutlonal Supporting Rescarch and Development Program.
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Because the use of a three-dimensional SETS method in the vessel component will
allow significantly faster running times for the wide variety of transients
that require multidimensional modeling, 1its Iimplementation will be a major
milestone in the development of reactor safety codes that run faster than real

time.

1I. THE SETS METHOD
To demonstrate the SETS method, we consider a simplified model for one-
dimensional, single-phase flow 1in an wunheated horizontal pipe. The

differential equations for this model are

dp -
et Voev=0, (1)
30 Y i peVm=p7 eV, (2)
ot

and
Ny ewm -y -gyvl . (3)
at P

Here, K is a wall friction coefficlent thaL may be a function of velocity and
fluid properties.

A staggered spatial wmesh 13 used for the finite-difference equationy;
thermodynamic propertles are evaluated at the cell centers and the velocity (s
evaluated at the cell edges. The one-dimensional difference equations are

given below. To ensure stabllity and to maintain consistency with differencing
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in previous TRAC versions, flux terms at cell edges use donor-cell averages of

the fora,

YWoyn/2 = Y9Vs2 0 Y220 5

= YyVy+172 0 Y12 <0 - (4)

Here, Y may be any state variable. Other forms of this averuge may maintain
stability with higher order spatial accuracy but they have not been studied
carefully. With this notation, the one-diuensional finite-difference

divergence operator is

V°1j

Vy o (YV) = , (5

where A is the area of the cell edge and vol_1 is the cell volume. The term VVV

becones

v v y =V )
o /23312 J-1/2 .
Virr/2" p/2Y - bX3 4172 = V72 20

JVan2Uspa/2 = Vyiy2)
AXy41/2

’ Vj+1/2<0 P (6)

where ij+1/2 - O.S(Axj + ij+1).
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For the flow model given by Egs. (1)-(3), the combination of basic and
stabilizer equation sets can be written in several ways. One ordering that is
alwvays stable begins with the stabilizer step for the equations of motion,
continues with a solution of the basic equation set for all equstions, and ends
with a stabilizer step for the mass and energy equations. For this ordering,

the SETS finite-difference equations for Eqs. (1)-(3) are given below.

STABILIZER EQUATION OF MOTION

~n+l .
V172 = Vi4/2) ~n+l
T + V2" 172"

+ Gn+l - Ve o)V T
B(Vy+1/2 3+1/27V 341 /2

1 n _ _n
+ 5 - (Pj+1 Pj)
P2441/2°%3+1/2
~nt+l
+ Kg+1/2(zvj+1,2 - vg+1,2)lvg+1,2| -0 (7)

where



BASIC EQUATIONS

~n+1

- vg+l/2) n
+ Vir/2"41/2Y

At

1
(Vgil/z

ntl _

~N 1
A (B4

- vh W
J+1/277 41/
o>Y41/28% 441 /2

n+l
+ B8(Vir1/2

+1
+ K3+1/2(2Vg+1/2 - Vg+1/2)‘vg+1/2| =

(3™ - ot
__.___:_]_______j_+ vj o (pnvn+l) = 0 .

At

~ntlntl _
(Dj éj

n_n

P3°] 1
+ U, o n_nynt

At j (p7e'V )

n+1v

+ 3y vy vty =0 .

STABILIZER MASS AND ENERGY EQUATIONS

(qu-‘ﬂ
n+1. ﬂ+1.
R L A v, - .
At J (P v ) 0 s
+1 n+l n.n
(pn e )28 )
“‘1_-‘11t [ D A T (pn+len+lvn+1>
oty oty g

n+l
B
(87
(9
(10)
(11)
(12)
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A tilde above a variable indicates that it 1is the result of an iantermediate
step, not the final value for the time step.

The material Courant stability limit {is eliminated by treatment of the
terms VVV, V « oV, and V » peV during the two steps. Additional stability is
obtained wlth the particular form for the friction terms and the use of nonzero
values of B in the VVV terms. These special terms for friction and VWV are

obtained by linearizing similar terms that are fully dimplicit in velocity,

+1 n+l
(K31+1/2vg+1/2|vj+1/2| and Vj+1/2 PRYTAANSE

Fquation (7), which represents a tridiagonal linear system in the unknown
Gn+l’ is solved first. Next, the coupled nonlinear system given 1ty
Eqs. (8)-(10) 4is solved. In practice this 1s accomplished by a Newton
iteration 1in which the 1linearized equations are reduced to a linear system
involving only pressure variations (Ref. 4). Once these equations are solved,
Vn+1 is known; hence, Eqs. (11) and (12) are simple tridiagonal linear systems,
with unknowns pj+Lnd on+g g+l, respectively.

When this equation set is adapted to flow in complex piping networks or
to multidimensional problems, the pure tridiagonal structure 1is lost; however,
the matrices are still sparse. Reference 2 describes the extension of the SETS

method to two-phase flow.

III. EXTENSION OF SETS TO 3-D

The computational feasibility of a three-dimensiunal SETS method first
was demonsgtrated by the development of a new hydrodyrnamics code, SETS3D, which
modeled the threce-dimensional flow of an i1deal gas. The extension of the SETS
method to three-dimensional flow 1is straightiorward except for the equation of
motion. We found that the stabilizer equation of motion may be replaced by
three quatlons for the three velocity components; that {is, the coupling among
the difference velocity components from the cross-derivative expressions in the
momentum flux terms of these equations may be treated explicitly.

The seven-point, finite-difference approximation used 1in the various
convective terms of the three-dimenaional SETS formulation results i1 several
large, sparse, banded natrices of the order of the number of hydrcdynamic
cells. Direct solution of these large sparse malrices 1is expeneive and

inefflcient both from the standpoint of r~omputational cost and of computer
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storage. These matrices may be solved efficiently through the wuse of
specialized routines for banded linear systems such as those developed for the
Cray-1 by Tom Jordan of the Computer Research and Applications Group at Los
Alamos or by the use of iterative methods,..5

The stability of the SETS formulation in SETS3D was tested by running a
number of different two- and three~-dimensional flow problems until steady state
was achieved with the maximum time step fixed at the material Courant limit and
again with the maximum time step allowed to increase arbitrarily. In all cases
studied, the steady states were maintained at the largest time steps.

Following. the successful tests of the original version of SETS3D, the
code was extended to handie a second phase. The stability of the formulation
agaln was tested as descrihed above, using a variety of two~phase, air-water
problems. Stability was maintained at the highest Courant number tested, that
is, 40,000. Appendix A describes the twe-phase SETS3D code.

1v. CONCLUS1ON

The SETS method has been extended successfully to equations for three-
dimensional, two—phase flow and the demonstration computer code used for this
extension has been written in a f~rm that can be adapted by other researchers.
The method currently is being incorporated into our reactor safety systems code
to provide the numerical foundation for a multidimensfonal code that can run
faster than real time. We expect that SETS will be very useful for a wide
range of aultiphase and reacting flow problems where first-order-accurate

difference methods are appropriate.
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APPENDIX A

SETE3D CODE DESCRIPTION

We have developed a new hydrodynamics code, SETS3D, to provide a tert-bed
for multidimensional versinns of SETS. This code models three-dimensional,
two—-phase flow with the SETS method as well ag with the standard semi-implicit
method used 1in TRAC-PFl. The flow geometry, specified 1in Carteslan or
cylindrical coordinates, 1s constrained to a reguiar grid for solution of the
finite-difference equations. Constant velocity or constant pressure boundary
conditions are specified independently through input at each of the external
cell faces.

Structures within the flow vessel are handled the same way as 1in
TRAC-PFl; that 1is, a flow-volume fraction is 1input for each hydrodynamic cell
and a flow-area fraction is input for each cell face of the staggered spatial
grid. These fractions then are used to scale the geometric volumes and areas
of the grid. Structures that can act as flow straighteners may be added
through 1iaput for each cell face. A flow straightener causes flow normal to
the face; that 1s, flow through the face cannot contribute to a cross term in
the velocity equations.

The fluid material properties 1in SETS3D are defined by the TRAC
thermodynamic routines. The liquid phase 1is water and the vapor phase 18 a
steam-air mixture where the air partial pressure may be zero. The present
version of SETS3D does not contsin a constitutive package; that 1s, there are
no models for such factors as wall shear, interfacial shear, structure-to-fluid
heat-transfer coefficients, nor for terms describing processes such as boiling.
These parameters currently are defined by input or are serL to constaut values
in the code. However, because the SETS3D code ie modular, a varlety of
constitutive packages could be added and tested easily.

The TRAC-PF1 data base 1is structured dynamically using pointers; that 1is,
the variables of a given data type, such as cell-centered pressures or face-
centered flow areas, are stored contiguously. The pointers define the address
of the starting location for each data type. A polnter must be defined for
each data type. We have discovered through experience that this type of data
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structure is difficult to maintain, inflexible, and cumbersome in a number of
ways. The SETS3D data base has been 1nverted so that all of the data for a
single hydrodynamic cell are stored contiguously. The structure of this data
base may be defined by a single parameter, the number of data types. Our
experience with SETS3D has shown that code development 1is easier and quicker
with this inverted data base and the code structure is more efficient.

We plan to make a single-phase version of SETS3D available to interested
researchers. The following code features have been added to increase the
utility of the code. The ~8000 lines of FORTRAN source code are maintained
using the commercially available utility Historian, which is similar to the
CDC Update utility. The code includes extensive comments regarding both data
structure and computational flow. The structure of this version will not allow
it to be incorporated into TRAC.

The SETS3D code was developed for use on a Cray-l computer. All of the
hydrodynamic 1oops have been written so as to vectorize. Vectorization
compatibility was built into the initial code design because we have discovered
that 1t is difficult to restructure existing codes so that they will vectorize.
For example, it is expensive to vectorize logical branchtes. In the case of the
boundary conditions, logical branches were avoided by increasing the size of
the computational grid so that the boundary values could be stored and
referenced directly. The extra terms in the cylindrical forms of the velocity
equations were coded with additional tactors that are defined ae zero when the
input 1is specif.ed in Cartesian coordinates. Processes that could not be
vectorized easily were coded 1in separate loops from those that could be

vectorized.
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